A preexisting weakness zone in the lithosphere is required to initiate subduction. Here, we focus on a new type of weakness zone, a Subduction-Transform Edge Propagator (STEP) fault, which is inherited from a tear along the edge of a slab. Using coupled thermal-mechanical models, we show that STEP fault-perpendicular convergence results in a dipping shear zone in any tectonic setting. At a continental margin, this shear zone dips towards the continent, which is an excellent starting condition for ocean-continent subduction. If (far field) convergence persists, STEP faults become new subduction boundaries. The trench moves landward during the earliest stages of convergence. When slab pull becomes a dominant driving force, after ∼80 km convergence, trench roll-back commences. The initial geometry and mechanical properties of the sub-crustal STEP fault zone affect the results; subduction initiation is facilitated by a wide (∼100 km) and low-viscosity weakness zone. Incipient subduction is easier for young oceanic lithosphere due to its lower flexural rigidity and is insensitive to the far field convergence rate. As STEP faults are commonly associated with young oceanic lithosphere, subduction initiation is thus relatively easy along them. Of particular interest are continent-ocean margins where STEP faulting has occurred.
I N T RO D U C T I O N
In this study, we address the almost classical problem of subduction initiation in a hitherto-in this context-unexplored tectonic setting. In line with the early suggestion by Mckenzie (1977) concerning a preexisting weakness zone in the lithosphere facilitating the subduction initiation process, we study the initiation of subduction along a newly identified type of weakness zone. Propagation of a tear along the edge of a subducting slab, referred to as a SubductionTransform Edge Propagator (STEP; Govers & Wortel 2005) , allows subduction to continue while adjacent lithosphere remains at the surface. As the slab rolls back and the trench retreats, the overriding lithosphere moves with the trench. The resulting contact zone between the overriding lithosphere and the adjacent non-subducted lithosphere constitutes the weakness zone we study, referred to as a 'STEP fault'. A new subduction zone forms if the STEP fault is subject to compression, for instance due to a change in plate motion. A present-day example of incipient subduction along a STEP fault may be found in the south Tyrrhenian region. Using seismic data, Pepe et al. (2005) showed that there are active reverse fault zones in the region, which were interpreted by Billi et al. (2007) to represent an early stage of subduction of Tyrrhenian Sea lithosphere beneath Sicily, a place proposed to be a STEP fault by Carminati et al. (1998a,b) and Govers & Wortel (2005) .
Previous modelling studies on subduction initiation
As localities where subduction is in an incipient stage are rare, numerical modelling studies are particularly valuable to shed light on understanding the mechanisms involved in the formation of a new subduction zone. Previous modelling studies on subduction initiation can be divided into four groups.
(1) The first group of models explored nucleation of subduction at passive continental margins. Cloetingh et al. (1982 Cloetingh et al. ( , 1984 Cloetingh et al. ( , 1989 investigated the conditions leading to the conversion of a passive continental margin into an active plate boundary. They concluded that failure of the oceanic lithosphere under sediment loading was achieved only if the oceanic plate was younger than ∼20 Myr. Furthermore, they argued that aging of the oceanic lithosphere, which increased its strength, was more detrimental than beneficial for initiation of subduction. Regenauer-Lieb et al. (2001) also studied failure of oceanic lithosphere under sediment loading. They suggested that water weakening of olivine promoted failure of the lithosphere and onset of subduction along Atlantic type continental margins. Nikolaeva et al. (2010) investigated which factors regulate the stability of passive margins. They found that incipient subduction at passive margins was controlled by the ductile strength of the continental lithosphere and its chemical density contrast with the oceanic lithosphere.
(2) The second group of modelling studies investigated subduction initiation in an intraoceanic environment. Using a numerical viscoelastic model, Toth & Gurnis (1998) explored the formation of a new trench along a dipping fault. They suggested that ridge push alone was sufficient to initiate a new subduction zone if the fault shear stress was as low as a few MPa. Hall et al. (2003) carried out a numerical study to investigate nucleation of subduction along a fracture zone. They concluded that self-sustaining subduction was achieved after at least ∼100 km of convergence. Gurnis et al. (2004) extended the work of Hall et al. (2003) and studied the evolution of the force balance during subduction initiation at a fracture zone and at a mid-oceanic ridge. The main results of their work can be summarized as: (i) a fracture zone under compression converts into a self-sustaining subduction zone after ∼100-150 km of convergence and (ii) a ridge under compression evolves into a new convergent plate boundary.
(3) The third group of investigations involves studies of failure of the arc/backarc area and reversal of subduction polarity. Using 2-D finite element models, Tang & chemenda (2000) studied the deformation and failure of the overriding plate following arccontinent collision. They found that if the rigidity of the subducting plate was high, or if the continental crust was thick, the overriding plate failed along an ocean-vergent fault, which was followed by a subduction polarity reversal. In a follow-up study involving 2-D physical and numerical models, Chemenda et al. (2001) argued that failure in the backarc resulted in subduction polarity reversal if the trench/backarc spreading axis distance was larger than a critical value. Faccenda et al. (2008) explored the effect of convergence rate, crustal rheology and radiogenic heat production on the style of post-subduction collision orogeny. They found that the timing of polarity reversal was controlled by the internal heat production rate. Pysklywec et al. (2003) proposed that avalanching of dense slabs into the lower mantle could drive the formation of a new plate boundary in the backarc and reversal of subduction polarity.
(4) The last group of models explored nucleation of subduction by a hot mantle plume. Ueda et al. (2008) showed that an upwelling plume beneath an oceanic plate may result in subduction initiation. Interaction between a plume and the continental lithosphere can lead to a Rayleigh-Taylor instability, resulting in delamination (Burov et al. 2007 ) and even initiation of continental lithosphere subduction (Burov & Cloetingh 2010 ).
Tectonic setting of STEP faults
We consider eight different tectonic configurations resulting from the lithospheric tearing process at a STEP fault (Fig. 1) . Tearing near the retreating trench results in a lithospheric damage zone. Differences in the shape and properties of this damage zone are the basis for discriminating between the configurations in Fig. 1 . The overriding plate either advects with the trench or is subject to backarc extension. As a consequence, only the left half of the initial damage zone is preserved. This inherited damage zone (blue zones in Figs 1a-d and fan-shaped fracture zones in Figs 1e-h) is therefore asymmetric. For the subsequent development of oceanic subduction, it is important whether the overriding plate is continental or oceanic.
The first four configurations (Figs 1a-d) stem from the idea of Duggen et al. (2005) , that portions of the adjacent lithosphere may be dragged down with the descending slab. When a STEP fault propagates along a passive margin, the descending slab may thus delaminate part of the mantle of the continental lithosphere (blue zones in Figs 1a and b), because it is commonly gravitationally unstable and mechanically weakly coupled to the crust. In the south Alboran Sea region, a 100 km wide volcanic zone is associated with the STEP mantle gap (Duggen et al. 2005) . Figs 1(a) and (b) differ in the overriding plate type. In an intraoceanic setting (Figs 1c and d) , the slab may drag a smaller part of the adjacent mantle (blue zones in Figs 1c and d) due to the stronger coupling of the mantle to the oceanic crust. The width of the delaminating mantle portion likely increases with depth due to the temperature and stress dependence of viscosity. Figs 1(c) and (d) are different in the type of (advected or extended) overriding plate. In all these four configurations, the mantle gap is filled by asthenospheric material.
In the other four configurations (Figs 1e-h ), the distribution of continental and oceanic lithosphere is the same as in the first four, but here the tear propagates while creating a fan-shaped damage zone. This shape results from the relatively minor amount of STEPrelated slip so that the lithospheric fault zone is immature and less localized than, for instance, at transform plate boundaries (Behn et al. 2007) . The damage zone widens with depth, because less slip is required for strain localization in the (shallow) brittle part than in the (deeper) viscous part of the lithosphere.
The eight configurations of Fig. 1 result in an inherited wide weakness zone in the lithosphere along the STEP fault margin. In this paper, we focus on initiation of oceanic subduction. The configurations in Figs 1(b) and (f) are shown only for completeness; since they can only lead to intracontinental subduction, they will not be further pursued. We aim to examine the response to STEP fault-perpendicular convergence in numerical models using earth like initial conditions and parameters. To facilitate referring to the models for different configurations later in this paper, we name them CAO (Fig. 1a) , CAC (Fig. 1b) , OAO (Fig. 1c) , OAC (Fig. 1d) , CDO (Fig. 1e) , CDC (Fig. 1f) , ODO (Fig. 1g ) and ODC (Fig. 1h) . Here, the first letter refers to the nature of the surface plate next to the overriding plate (orange part of the plate in Fig. 1 ), ('C' = continental, 'O' = oceanic). The second letter refers to the nature of the deeper part of the STEP fault; 'A' means asthenospheric material in the delaminated mantle gap, and 'D' means damage zone. The third letter refers to the nature of the advected (or extended) overriding plate (yellow plate in Fig. 1 ).
Design of the mechanical experiments
We use numerical elastic-viscous-plastic models to investigate the possibility of formation of a new subduction zone along a STEP fault. We study a 2-D vertical cross section through the lithosphere and upper mantle that is oriented perpendicular to the STEP fault (green planes in Fig. 1 ). We implicitly assume that the tear faulting at the STEP has propagated far enough from our 2-D section so that it no longer affects the geometry or dynamics. Our numerical experiments in this study consist of two sets. In the first set of experiments (Section 2), we investigate how a STEP fault zone under compression evolves with particular attention to the possible development of a shear zone. In the second set (Section 3), we explore initiation of subduction along these shear zones.
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Figure 1. Eight configurations for the lithospheric structure that may be inherited from a Subduction-Transform Edge Propagator (STEP). The grey call-out vertical planes illustrate the possible types of damage that the tearing may cause. Configurations in the top row assume that part of the lithospheric mantle to the left-hand of the STEP is delaminated and is dragged down with the subducting slab. The panels in the bottom row involve a damage zone that broadens with depth. The advected or extended overriding plate (yellow plate) fills the space that was vacated by the subducting slab. We refer to the weakened contact zone between the overriding lithosphere (yellow plate) and the adjacent non-subducted lithosphere (orange part of the plate) as the 'STEP fault' or 'STEP fault zone' (blue zones in the first row and fan-shaped fractured zones in the second row). The initial asymmetry of the STEP fault turns out to be important when STEP fault-perpendicular convergence (arrows) occurs. The green front planes show the vertical cross-sections that we investigate in our numerical models. The blue zones show the geometry of the STEP fault in our models. We approximate the geometry of the STEP faults in the second row by triangular damage zones in the models. Fig. 2 shows the geometry of numerical model CAO (Fig. 1a) , consisting of an oceanic lithosphere on the right side, a continental lithosphere on the left side and a rectangular deformation zone (RDZ) filled with asthenospheric material. We study the response of this model to convergence that we impose at the model boundaries. The evolution of model deformation follows from solving the mechanical equilibrium equation with finite element package GTECTON (Govers & Wortel 1993) . In our models, the Péclet number is greater than 20. As a consequence, we can neglect thermal diffusion on the total integration time scale (∼10 Myr) of our models (Toussaint et al. 2004) . We therefore only account for advective heat transport.
D E V E L O P M E N T O F A L O C A L I Z E D D E F O R M AT I O N Z O N E F RO M A S T E P FAU LT
Model CAO and results
Setup of model CAO
The model domain is 1000 km wide and 660 km deep. The continental lithosphere consists of a 35-km thick crust and a 75-km thick lithospheric mantle. Oceanic crust is 7 km thick, while the thickness of the oceanic lithosphere depends on its age. The continental crust grades into the oceanic lithosphere along a passive margin (inclined black line in Fig. 2 ). We assume that the plates are mechanically intact above 35 km. The passive margin represents a major lateral contrast in mechanical properties. The width of the STEP mantle gap is inferred from the width of the volcanic zone in the Alboran Sea (Duggen et al. 2005) to be 100 km.
Inspired by the natural examples (see Section 1), we impose a velocity of 1 cm yr −1 to the lithosphere at both sides of the model. In our models, we assume that mantle flow is passive, that is, we ignore flow due to thermal-chemical convection. Given the relatively low viscosity of the asthenosphere, it follows that convergence at the lithospheric levels is approximately compensated by an equivalent outflow of the asthenospheric material. Hence, we impose horizontal outflow to the side boundaries below the lithosphere so that the net inflow and outflow becomes zero. This outflow is distributed uniformly with depth. In Appendix A, we show that models with different outflow patterns yield similar results, indicating that model results are not sensitive to these boundary conditions. The top boundary is free and the bottom boundary is fixed in both horizontal and vertical directions, simulating the presence of higher viscosity material in the lower mantle below the 660 km discontinuity (Mitrovica & Forte 1997) .
The deformation mechanism in the models is elastic, viscous or plastic and depends on local temperature T, pressure P, effective stress σ E ≡ 1 2 σ i j σ i j (the second invariant of the deviatoric stress tensor) and composition. The viscosity is based on the power-law rheology, given by
where n, A, Q, V and R are the power, pre-exponent, activation energy, activation volume and universal gas constant, respectively. Our sign convention for stresses is that tension is positive and compression is negative. We use rheological parameters from Karato & Wu (1993) for the mantle and from Freed & Burgmann (2004) for the crust with Aplite-a rock in which the dominant minerals are quartz and feldspar -rheology (Table 1) . The initial temperature field in the oceanic lithosphere is defined by the cooling half-space model for a lithospheric age of 15 Myr which is the average age of oceanic lithosphere along present-day STEP faults (see proposed localities in Govers & Wortel 2005) . In the continental lithosphere, the thermal structure corresponds to a steady state geotherm with surface heat flow of 65 mW m −1 which is the average heat flow in continents. The sublithospheric temperature (Stacey 1977) ]. The bottom of the lithosphere, which separates the thermal conduction and convection domains, is defined by the 1350
• C isotherm (Parsons & Sclater 1977) .
Associated plastic flow is used to represent (distributed) brittle deformation. We use the Drucker-Prager criterion based on Byerlee's law (Byerlee 1978) to express yield strength
where
μ, λ and C are the friction coefficient, pore fluid factor and cohesion, respectively. Plastic yield strength thus increases linearly with pressure.
We use plastic strain softening to facilitate the development of a shear zone in upper parts of the lithosphere. Plastic strain softening is represented by a decrease of S as a function of strain:
where S 0 is the initial value of S, E is the effective strain ( E ≡ 1 2 i j i j ) and a and b are softening parameters. In this expression, a controls the amount of plastic softening and b controls the amount of strain to complete weakening. The a and b are set to 0.1 in this model.
The STEP fault zone of model CAO results from delamination of the lithospheric mantle and subsequent infilling by asthenospheric material. The strength of the RDZ-the vacant region which is formed by delamination-depends on the time delay between the STEP activity and the onset of compression. If convergence starts soon after lithospheric delamination, the viscosity and strength of the RDZ are the same as the asthenospheric material. However, if there is a significant lag time between the STEP activity and the onset of compression, cooling results in an increase of the average viscosity of the RDZ. In model CAO, we ignore such cooling of the RDZ and take its (Newtonian) viscosity to be equal to that of the asthenosphere below it (5 × 10 20 Pa s). We discuss our choices for the viscosity and width of the RDZ in Section 2.7.
We use the method of Govers & Wortel (2005) for the implementation of gravity in the model. Pre-stresses from body forces are separated into two components: (1) a non-forcing, hydrostatic pressure field that stems from a radially symmetric density structure of the model and (2) stresses that result from imposing deviations of densities from radial symmetry, which drive deformation.
The grid spacing in the centre of the model is 0.5 km at the lithospheric level and increases to 27 km at the model boundaries. This optimal grid spacing is obtained from convergence tests (see Appendix A). Since the Lagrangian mesh becomes distorted during numerical calculation, we regrid the mesh every 10 kyr. In the remeshing procedure, the nodal connectivity is updated using a Delauney triangulation and, subsequently, all element quantities such as stresses and strains are mapped from the old grid onto the new one. After remeshing, we iteratively rebalance the model to minimize the residual forces caused by the remeshing process (De Franco et al. 2008) . To test the sensitivity of the model to regridding, we run models with different regridding intervals. Results of these models show that 10 kyr is an optimal remeshing interval.
Results of model CAO
Figs 3(a) and (b) display the effective strain and total shear strain of model CAO after 12 km of STEP-perpendicular convergence (i.e. at time t = 0.6 Myr). Strain is localized and high in the shallow red zone along the material boundary of the passive margin ( Fig. 3a) . Fig. 3(b) shows that about 50 per cent of this effective strain represents dextral shear. Deeper down, in the RDZ, the deformation zone is wider and both the effective and total shear strain are less. The deformation zone in the RDZ is connected to the horizontal shear zone beneath the continental lithosphere. Development of this deeper shear zone is a consequence of our passive flow assumption in the asthenosphere (see Section 2.1.1). In Appendix A, we show that the development of this shear zone is not affected by the boundary conditions on model boundaries.
The deformation pattern is essentially the same after more convergence. The model results show that convergence in a direction perpendicular to the STEP fault rapidly leads to the formation of a shear zone that dips towards the continental plate.
Model CDO and results
Model CDO (Fig. 1e) differs from model CAO in that its RDZ is made up of damaged continental mantle rather than asthenosphere. In model CDO, we impose a uniform viscosity in the STEP damage zone that is intermediate between that of the asthenosphere (5 × 10 20 Pa s) and the average viscosity of our continental mantle (1 × 10 22 Pa s): 1 × 10 21 Pa s. Effective strain and total shear strain at t = 0.8 Myr are shown in Figs 3(c) and (d). A shear zone forms along the boundary between the two plates, in a way similar to that in model CAO. The main difference between the results of this model and those of model CAO is that strain localization in the RDZ occurs at a later time due to the stronger material in the RDZ. The net convergence required to develop a shear zone thus depends on the strength of the material in the RDZ.
Model OAO and results
Model OAO (Fig. 1c ) is identical to model CAO, with the exception that 70 Myr old oceanic lithosphere replaces continental lithosphere. In addition, in model OAO we use a triangular deformation zone (TDZ), representing the partial detachment of oceanic lithosphere during STEP activity and slab retreat. Similar to model CAO, asthenospheric material has filled in the TDZ and its (Newtonian) viscosity is taken to be identical to the average viscosity of the asthenosphere (5 × 10 20 Pa s). Results of this model show that a localized deformation zone develops in upper parts of the lithosphere near the boundary between the two oceanic plates (Fig. 3e) . The downward continuation of this zone into the TDZ is located along the detachment interface. Fig. 3(f) shows that about half of the deformation is dextral shear. This indicates that a STEP fault under compression in an intraoceanic setting converts into a shear zone that dips towards the oceanic plate whose edge has been weakened during STEP propagation.
Model ODO and results
Model ODO (Fig. 1g ) is similar to model OAO, except that the TDZ is made of damaged oceanic lithosphere, rather than of asthenospheric material. To represent the strength reduction in the damage zone, the (Newtonian) viscosity of the TDZ is set to 1 × 10 21 Pa s, which is lower than the viscosity of normal lithospheric mantle. The results are shown in Figs 3(g) and (h). The shear zone forming at the plate boundary between two plates is similar to that of model OAO. The main difference between the results of model ODO and OAO is the time of localization of deformation in the TDZ, which is longer in model ODO. This indicates that a fractured STEP fault zone needs more net convergence to localize deformation than a STEP fault with a mantle gap.
Model OAC and results
Model OAC (Fig. 1d) is established by making the following changes to model CAO: 70 Myr old oceanic lithosphere replaces the continental lithosphere, the oceanic plate on the right side of the model is replaced by a continental plate (with the same properties as in model CAO) and a TDZ is used to represent the partial detachment of oceanic lithosphere during slab retreat. The TDZ is filled by asthenospheric material (with Newtonian viscosity of 5 × 10 20 Pa s).
Figs 3(i) and (j) show the effective and total shear strain at t = 0.6 Myr. In the upper part of the lithosphere near the boundary between two plates, deformation is localized along two dipping planes. One deformation zone is localized between the continental and oceanic crust and dips towards the oceanic plate. This deformation zone extends deeper down along the detachment interface. The other deformation zone (which has lower strain compared to the first one) forms in the oceanic plate near the plate interface. This deformation zone dips toward the continental plate. Fig. 3(j) shows that about half of the motion along the oceanward dipping deformation zone is shear. These results indicate that a continental margin like in Fig. 1(d) , when compressed, will likely evolve into subduction of the continental plate beneath the oceanic plate.
Model ODC and results
Model ODC (Fig. 1h ) is similar to model OAC except for the higher (Newtonian) viscosity of the TDZ (1 × 10 21 Pa s). The results, shown in Figs 3(k) and (l), are similar to those for model OAC, except that more convergence is needed to localize deformation.
Model analysis and conclusion
All six models result in the formation of a localized deformation zone in the STEP fault region. In models CAO and CDO (Figs 1a and e), initial distributed deformation in the STEP fault evolves towards a more localized zone between two plates (Figs 3a-d) . The motion along this deformation zone is dextral shear along the plate interface. This shear zone dips towards the continent, which makes it a favourable place for the formation of a new convergent plate boundary. Results of a sensitivity analysis in Appendix A show that the dip of the localized deformation zone in the RDZ is controlled by the assumed width/height ratio of the RDZ. This dip angle determines the fraction of shear on the localized deformation zone.
In an intraoceanic setting (Figs 1c and g ), a dipping deformation zone develops along the partially detached oceanic lithosphere (Figs 3e-h ). The dip angle of this deformation zone depends on the slope of the detachment interface. The fraction of shear deformation along this deformation zone depends on the slope of the detachment interface (Appendix A).
In a setting where a continental plate is in an overriding plate position (Figs 1d and h) , the most prominent deformation zone dips towards the oceanic plate (Figs 3i-l) . This orientation facilitates incipient subduction of the continent beneath the oceanic lithosphere. With our focus on initiation of oceanic subduction, we thus decide that we need not further pursue models OAC and ODC.
The temporal and spatial evolution of plastic failure depends on the mesh spacing (e.g. Lavier et al. 2000) . In Appendix A, we show that reduction of the mesh size by 60 per cent leads to a 60 per cent decrease in the duration of plastic failure of the entire lithosphere (Figs A2O and P in Appendix A). In a model with smaller mesh spacing, the width of the failure zone decreases, which is in accordance with Lavier et al. (2000) .
In Appendix A, we investigate the sensitivity of our results to parameters a and b of expression 3. Results show that increasing a or b causes a delay in plastic strain softening, indicating that more net convergence is needed to localize deformation.
In our models for a delaminated mantle (CAO, OAO and OAC) we assumed that convergence starts soon after the STEP fault has been formed. We therefore take the viscosity in the mantle gap to be identical to that of the asthenosphere. If convergence starts later however, we expect that cooling causes viscosity to increase. To assess the imprint of a later onset of convergence we can use the results of the models with a STEP damage zone (CDO, ODO and ODC), the major difference between the models being the higher viscosity in the damage zone. The net convergence required to localize deformation in the RDZ increases with increasing the strength of the delaminated mantle at the STEP fault zone.
So far, we have shown that a STEP fault-which is a weakness zone in the lithosphere-promotes the development of a localized shear zone. In the second set of experiments, we will investigate whether continued convergence leads to the descent of the oceanic plate into the mantle.
I N I T I AT I O N O F S U B D U C T I O N AT A S T E P FAU LT Z O N E
Two out of the six configurations (Figs 1d and h ) studied in the previous section would probably result in continental subduction, which is not our focus here. The remaining four (Figs 1a, c, e and g) may evolve towards oceanic subduction.
Results of models OAO and ODO (Figs 1c and g ) show that a dipping shear zone develops in an intraoceanic setting. A similar result was found by Hall et al. (2003) and Gurnis et al. (2004) from a different starting point; they studied incipient subduction of an oceanic plate in which strain was localized from a weak fracture zone. Contrastingly, in our models the shear zone develops from the tectonic inheritance of a STEP fault. Toth & Gurnis (1998 ), Hall et al. (2003 and Gurnis et al. (2004) showed that oceanic subduction follows once a dipping shear zone formed. In view of these findings, there is little need to also model the continued evolution of models OAO and ODO.
In this paper, we thus focus on the two remaining configurations (Figs 1a and e) , and study incipient subduction at a STEP fault that is located along a former passive margin.
Reference model set up
Our follow-up reference model is essentially the same as models CAO and CDO, the two most important differences being that we replace the shear zone by a channel, and that the oceanic lithosphere is taken to be older. In this section, we detail these and other, more minor, differences. Fig. 4 shows the geometry, boundary conditions and temperature field of the reference model. We take the domain twice as wide (i.e. 2000 km) as in models CAO and CDO to allow for bending of the oceanic lithosphere without interference by lateral boundary conditions.
The localized shear zone that developed in models CAO and CDO is substituted by a 6-km wide channel with a dip of 40
• . The (Newtonian) viscosity of the channel material is low: 5 × 10 20 Pa s. The viscosity of the RDZ outside the channel is set equal to that of the surrounding lithosphere. These choices are numerically convenient but not critical for the outcome; in Appendix B, we show that inclusion of a RDZ with asthenospheric viscosity along the plate boundary leads to similar results as the reference model (with an inclined channel). A 4-km thick sediment layer lies on top of oceanic plate (Fig. 4) . Preliminary experiments showed that this layer is vital, because it replenishes the channel with lubricating material as the oceanic plate descends into the mantle.
Winkler pressure boundary conditions along the oceanic plate account for surface load changes due to sea water that fills in subsided regions (e.g. Williams & Richardson 1991 , and references therein)
where ρ w , g and h are density of the oceanic water, gravitational acceleration and deflection of the plate.
Imposed differential velocities on the plates are 2 cm yr −1 as in models CDO and CAO. However, in the reference model we do so by pinning the left-hand boundary (continental plate) and by imposing a horizontal velocity of 2 cm yr −1 on the right-hand side of the oceanic lithosphere.
The reference model has a 100 Myr old oceanic lithosphere on the right. In most present-day STEP fault locations, the oceanic lithosphere is younger than 20 Myr, so we also explore such a model in Section 3.3.
Reference model results
Development of slab pull force
We track the velocity of two points on the oceanic plate with time: one point close to the plate interface (point s in Fig. 4 , 's' stands for 'slab') and one point far away from the plate boundary (point p in Fig. 4 , 'p' stands for 'plate'). As shown in Fig. 5(a) , the velocity of point p (v p ) is less than the imposed velocity of 2 cm yr −1 . This difference between the imposed lithospheric velocity and v p is due to the boundary conditions along the side boundaries. Point p is chosen at a distance far enough from the right side boundary that it lies in the part of the oceanic plate which shows rigid plate behaviour. Fig. 5(a) shows that during the first 5.5 Myr, the velocity of point s (v s ) is less than or equal to v p . This implies that during this period intraplate shortening has been occurring, corresponding to elastic thickening of the oceanic plate between p and s. The dominant driving force in the system is the force corresponding to the imposed convergence rate. From about 5.5 Myr onward, v s > v p , implying slab pull has become the dominant driving force in the system. At 5.5 Myr, nearly 80 km oceanic lithosphere has been subducted beneath the continental lithosphere.
In Fig. 5(b) , the evolution of the horizontal force (F x ) at point p is shown with a solid thick curve (labelled 'RM' in Fig. 5b ). The force is almost constant for the first 5.5 Myr. It starts to decrease when the slab pull force becomes the dominant driving force (at ∼5.5 Myr).
Trench motion, evolution of stress and topography
The evolution of the (future) trench position is shown in Fig. 5(c) . During the first 7 Myr of convergence, the trench moves towards the continent. At ∼7 Myr, the trench starts to move oceanwards (trench retreat).
Figs 5(d)-(f) show the effective stress and velocity field at times t = 2.5, 5.5 and 7.5 Myr. At 2.5 Myr, the vertical distribution of effective stresses away from the plate boundary zone reflects the rheological layering in both plates. Close to the plate boundary, a high stress region has formed in the oceanic plate at a depth of ∼65 km. These stresses are associated with plate bending and inplane compression. In the continental plate, stresses are high in the upper part of the lithospheric mantle near the trench. This results from the push of the subducting plate on the overriding one. At 5.5 Myr, stresses have increased in the oceanic plate, as the plate bends further downward. In the overriding plate, the high stress region has become broader due to further stress transmission from the subducting to overriding plate. At 7.5 Myr, the descent and bending of the slab has led to a further increase of stresses in the oceanic plate, whereas the stresses in the overriding plate have decreased. Horizontal compression in the overriding plate does not further increase and later decreases when the slab pull starts contributing to the velocity of the oceanic plate. Fig. 5 (g) displays the surface topography of the overriding plate at t = 1.5, 2.5, 3.5, 4.5, 5.5 and 7.5 Myr. As the oceanic plate starts to descend into the mantle, the area close to the trench experiences uplift. At the same time, a bathymetric depression develops on the overriding plate about 100 km away from the (future) trench. This depression deepens and broadens with time. The maximum elevation close to the trench increases from nearly 1.35 km at 1.5 Myr to 2.6 km at 3.5 Myr. The height of the uplifted area starts to decrease after 3.5 Myr while the depth of depression continues to increase with time. After 5.5 Myr, the deepening rate of the depression decreases considerably (Fig. 5g ). This coincides with the moment that the slab pull becomes the dominant force and compression of the overriding plate decreases.
Sensitivity analysis
In this section, we explore whether/how the following model parameters affect incipient subduction; dip, width and viscosity of channel, age of the oceanic lithosphere, thickness of the continental lithosphere, rheology of the mantle and crust and convergence rate.
Dip of the channel
Results of our first set of experiments (Section 2) showed that the dip of the localized deformation zone varied with the width and height of the mantle STEP zone. Neither of these are well constrained, so we need to investigate the influence of assumed channel dip on the results. Here we show the results of two models, for an initial channel dip of 20
• and of 80 
Subduction initiation along a STEP fault
1001
indicating horizontal shortening between points p and s. In both models, subduction initiates slowly (see v ys in Figs 6a and b) . Slab pull does not become the dominant force during the first 9 Myr in both models. In the model with a channel dip angle of 20
• , v ys is increasing with time while it is almost constant in the model with a channel dip of 80
• . This implies that slab pull is developing faster in the model with a channel dip of 20
• than with an 80
• channel dip. The evolution of the horizontal force at point p is shown as solid thin (for channel dip of 80
• ) and dashed thin (for a channel dip of 20
• ) curves in Fig. 5b . The far field push force in the model with a channel dip of 20
• is nearly the same as in the reference model, except that there is no decrease in force associated with slab pull becoming the dominant force in the system. However, in the model with a channel dip of 80
• , the push force is high and increases smoothly with time, to a level of 10 13 N m −1 . In nature, such a high magnitude force will only be available in special circumstances.
Results of these experiments indicate that subduction can be initiated along a shallow-dipping channel. They also show that subduction is unlikely to develop along a steep channel, due to the requirement of a high far field push. Thus the initial dip of the subduction channel is critical to incipient subduction at a STEP fault.
Width and viscosity of the channel
Figs 6(c) and (d) show v p and v s as a function of time for models with a channel width of 4 km (narrower than the channel in the reference model) and channel viscosity of 7 × 10 20 Pa s (higher than the channel viscosity in the reference model), respectively. In both models, slab pull becomes the dominant force after about 6.5 Myr of convergence, that is, about 1 Myr later than the corresponding time in the reference model. This is due to the higher shear stresses in the channel in both models; σ = 2ηε = 2η v W , where v and W are the convergence rate and width of channel, respectively. Channel properties thus can delay (or promote) the development of slab pull and of incipient subduction at a STEP fault.
Continental geotherm
To assess the influence of the initial geotherm of the continental lithosphere, we perform an experiment with a steady state geotherm corresponding with a surface heat flow of 56 m W m −2 . As a consequence, the continental lithosphere is thicker by about 50 km than the reference model. In comparison to the reference model, slab pull becomes larger than the far field push at a later time (at nearly 8 Myr in Fig. 7a ). The reason is that the shear zone is longer, so there is more friction along the channel. Hence, more net convergence is needed to overcome this friction. Results of this experiment show that the geotherm of the overriding plate influences the temporal evolution of the slab. Fig. 7(b) shows v p and v s as a function of time for a model with a young (positively buoyant) oceanic lithosphere of 15 Myr old. The velocity of point s is always less than that of point p, indicating that the imposed convergence velocity results in horizontal shortening of the oceanic lithosphere. The vertical velocity of point s increases with time while its horizontal component decreases. The horizontal force at point p is shown as a dashed thick curve in Fig. 5(b) . The magnitude of this force is in the range of 2 × 10 12 to 4 × 10 12 N m −1 , which is comparable to that of the ridge push force (Richter & Mckenzie 1978) . From a comparision with the RM curve in Fig. 5(b) , we conclude that subduction initiation is easier and more feasible for young oceanic lithosphere than for old oceanic lithosphere.
Age of the oceanic lithosphere
Rheology of the mantle
The strength of upper mantle rocks is controlled by the rheology of olivine. The power law creep strength of olivine depends on water fugacity. The rheology of the mantle in the reference model is chosen to be intermediate between wet and dry olivine. Here, we investigate the sensitivity of the results to this choice with two models: wet and dry olivine. In the model with dry olivine rheology, the velocity of s becomes larger than the velocity of p at about 6.5 Myr, which is nearly 1 Myr later than in the reference model (Fig. 8a ). In the model with wet olivine rheology, the slab pull force exceeds the far field push force after about 3.5 Myr of convergence (Fig. 8b) . The reason for such a rapid increase of slab pull force in the model with wet olivine is that the bending resistance decreases as a consequence of the reduction in the strength of the oceanic lithospheric mantle. These results show that the rheology of the upper mantle affects incipient subduction. Fig. 8(c) illustrates the strength profiles for a series of crustal rheologies (Freed & Burgmann 2004) . The diabase and dry quartzite1 have the highest and lowest strength, respectively. In all models with alternative crustal rheologies, slab pull force exceeds the far field push at about the same time as in the reference model (at ∼5.5 Myr). However, the overriding plate topography differs between models. Fig. 8(d) shows the topography of the overriding plate at 5.5 Myr. The highest and lowest subsidence develop in models with the dry quartzite1 and diabase rheology, respectively. These rheologies correspond to the highest and lowest strengths in Fig. 8(c) , indicating that the amount of coupling between crust and mantle affects the topography of the overriding plate. Higher coupling between crust and lithospheric mantle leads to an increase in effective elastic thickness of the plate which results in a reduction in the deflection (topography) of the overriding plate.
Rheology of the crust
The results demonstrate that the strength of the continental crust does not affect incipient subduction, but it does influence the topography developing on the overriding plate; stronger crust leads to reduced subsidence of the overriding plate.
Convergence rate
In the reference model, the oceanic plate converges towards the continental plate at a rate of 2 cm yr −1 . We perform an experiment with a lower convergence rate of 1.5 cm yr −1 . In this model, the slab pull force becomes dominant force at about 8 Myr (Fig. 9) . The length of the subducted lithosphere at this time is ∼80 km, which is similar to that in the reference model. This indicates that shear traction at the base of oceanic lithosphere is insignificant.
Model analysis
Our 2-D models of subduction initiation at STEP faults are externally driven. The convergence velocity on the right side of our reference model is partly converted into deformation of the oceanic plate on which it acts: elastic shortening and bending and a minor amount of permanent thickening. If the total resistance to deformation (including bending) is low, the force exerted by the oceanic plate on the channel is low. If the total resistance in the oceanic plate is high, the imposed velocity will be effectively transferred to the channel. The left-hand side of the overriding plate is pinned, which is equivalent to a horizontal force keeping this part of the overriding plate in the same horizontal location. The magnitude of this force depends on the strength of the three model components: oceanic lithosphere, channel and overriding plate. If all components are strong, the magnitude of this equivalent force is high and increases with time. If one, or several, components are weak, the equivalent force will be low, or at least does not grow so fast.
The development of a slab geometry steers the horizontally imposed velocity away from the horizontal. Once this geometry has developed, the magnitude of the equivalent force would remain constant if the slab were neutrally buoyant. However, slab pull acts to decrease the force necessary to maintain the imposed velocity on the oceanic plate right side. So, the development of a slab leads to a decrease in the horizontal force corresponding with the kinematic boundary conditions. Figure 10 . Schematic evolution of driving and resistive forces during incipient subduction at a STEP fault under compression. The far field push corresponds to the imposed convergence rate. The plate resistance force stands for the combination of the resistance to plate bending and to plate thickening. The slab pull force starts growing with time as the STEP fault along the passive margin is subjected to compression, indicating that forced subduction is initiated immediately after commencement of convergence along the STEP fault. Slab pull, plate resistance and channel resistance forces grow with time as the oceanic plate sinks deeper into the mantle (see the text for more details).
Main resistive forces during subduction initiation are bending of the oceanic plate and shear resistance in the channel. Viscous resistance to motion on the base of the oceanic plate (which depends on the convergence rate) is negligible during incipient subduction. We infer this from our models with different convergence rates which show that the length of the subducted oceanic plate at the time when the slab pull force becomes the dominant force is independent of the convergence rate. Fig. 10 schematically shows the early evolution of driving and resistive forces for subduction initiation at a STEP fault along a passive margin. At each instant, the sum of driving and resistive forces is zero. In Fig. 10 , we have combined plate bending and plate thickening forces in a single curve labelled 'plate resistance force'. The far field push refers to the external driving force corresponding to the velocity boundary condition on the right lithospheric side and to the no-displacement boundary condition on the left lithospheric side.
After convergence starts, driving and resistive forces increase. The model results show that the vertical velocity of the oceanic lithosphere near the STEP fault increases, that is, subduction commences immediately and the slab pull grows. As the slab geometry develops, the total horizontal force that is necessary to preserve the flexed oceanic plate from rebounding increases (plate resistance force in Fig. 10 ). This plate resistance force for the oceanic plate is lower for a thinner or mechanically weaker oceanic plate.
As the subduction velocity increases, the channel shear stress increases. Increasing the viscosity of the channel, or decreasing the channel width, results in a higher channel force. Horizontal compression drives flexural deformation of the overriding plate near the trench. The overriding plate deforms by thickening, and by a minor amount of flexing near the trench. Both responses are affected by the rheology and thickness of the overriding plate.
The stress regime in the backarc region changes from compressional to extensional when the slab pull force exceeds the far field push force. If the bending strength of the oceanic lithosphere is high, the slab geometry evolves slowly and the stress regime change in the backarc is delayed. High channel resistance delays backarc extension similarly.
D I S C U S S I O N
Results of our first set of experiments (in Section 2) show that a STEP fault under compression converts into a dipping shear zone. The timing of onset of compression is a key factor in the localization of deformation in a STEP fault zone with delaminated mantle (configurations shown in Figs 1a-d) . If the time lag between STEP activity and onset of convergence/compression increases, more net convergence is needed to develop a shear zone along the STEP fault. This results from cooling and strengthening of the asthenospheric material infilling the mantle gap.
Recent studies (e.g. Ranero & Sallares 2004; Billen 2009; Faccenda et al. 2009 ) suggest that percolation of water into deeper parts of the slab through bending-related normal faults results in further reduction of strength and, hence, of the flexural rigidity of the subducting plate. Therefore, it eases further bending of the subducting plate and as a consequence, the slab pull increases faster. Inclusion of the plate weakening due to water percolation into the slab in our models would lead to a shorter compressional period in the backarc region (see Fig. 10 ).
Since at least one subduction zone should exist in the region to form the STEP fault, the scenario proposed in this paper is not applicable to large ocean basins completely surrounded by passive margins. The subduction zone which formed the STEP fault can either be still active or have ceased when the new subduction zone forms. Some of our model results are similar to those for subduction initiation in an intraoceanic setting (Toth & Gurnis 1998; Hall et al. 2003; Gurnis et al. 2004) : the effects of an increase, or decrease, of resistive and driving forces on incipient subduction and on the development of topography on the overriding plate and also the negligible effect of the asthenosphere. This suggests that the early stage of subduction initiation proceeds similarly at a continental margin as in an intraoceanic setting. In our models with a channel, uplift is higher and subsidence is lower on the overriding plate than those in models of Toth & Gurnis (1998 ), Hall et al. (2003 and Gurnis et al. (2004) , which had a fault-type plate interface. This stems from the nature of the plate contact. De Franco et al. (2007) showed that these differences can be explained by different implementations of the plate boundary. Another difference is that Hall et al. (2003) suggested that rapid trench retreat and extension in the overriding plate occurs after subduction becomes self-sustaining. However, results of our study show that trench roll-back starts after the slab pull becomes larger than the far field push. This indicates that slab roll-back can occur when subduction is forced.
As briefly mentioned in the introduction, incipient subduction at a STEP fault may be occurring along the continental margin in the south Tyrrhenian. Rust & Kershaw (2000) showed that northeastern Sicily experienced uplift during the Holocene. Billi et al. (2007) proposed that this uplift was associated with initiation of subduction, which is consistent with the forearc uplift during the earliest stage of subduction in our numerical models (see Fig. 5g ). Billi et al. (2007) argued that the presence of young oceanic plate promoted subduction initiation, referring to the studies of Cloetingh et al. (1982 Cloetingh et al. ( , 1984 . We propose that the promoting factor for subduction initiation in this region was the existence of a STEP fault along the northern Sicily margin and that the young age of the Tyrrhenian lithosphere may have helped.
C O N C L U S I O N S
We explored initiation of oceanic subduction in eight different tectonic configurations for a STEP fault. The asymmetry in lithospheric structure that is intrinsic to the evolution of a STEP faulted margin is essential to its further development. In four of the configurations, a favourably oriented shear zone develops following STEP fault-normal compression; two of these shear zones develop along a continental margin and two in an intraoceanic setting. The dip of this shear zone critically depends on the STEP process itself. Incipient subduction along a STEP fault located in the continental margin is facilitated if the shear zone dips ∼45
• . STEP faults can thus be excellent localities for initiation of oceanic subduction.
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In this section, we present the results of a sensitivity analysis to model parameters for models CAO and OAO. We do not present the sensitivity analysis for the other models because the results are similar. We start with sensitivity analysis for model CAO.
Figs A1(A)-(H) shows the effective strain and total shear strain for models similar to model CAO but with: an older oceanic lithosphere (100 Myr) ( Figs A1A and B) , a narrower RDZ (50 km) (Figs A1C and D), a thicker continental lithosphere (160 km) (Figs A1E and F) and a lower convergence rate (1 cm yr −1 ) ( Figs A1G and H) . In all models, a localized shear zone develops at crustal levels along the continental margin. A dipping deformation zone develops in the RDZ which connects the crustal shear zone to the deformation zone at the base of the continental lithosphere.
In the model with an old oceanic lithosphere the effective strain in the RDZ is higher, compared to that in model CAO (Figs A1A and 3a) . In this model, the shear zone is longer than that in model CAO ( Figs A1B and 3b ). This indicates that negative buoyancy of the old oceanic lithosphere promotes the development of the shear zone.
In the model with a narrower RDZ, the effective strain is higher and the shear strain is lower in the RDZ than those in model CAO (Figs A1C, D, 3a and b) , that is, there is more shortening and less shear. Because the localized deformation zone develops along the diagonal of the RDZ in the models, it is more steeply dipping in the narrow-RDZ model than in model CAO.
In the model with a thicker continental lithosphere the diagonal of the RDZ is longer than that in model CAO, resulting in a lower effective strain in the localized deformation zone in the RDZ (Fig. A1E) . The steeper inclination of the diagonal results in a lower fraction of shear strain.
In the model with a lower convergence rate deformation is localized after 1 Myr, which is nearly double the net convergence of model CAO (see Figs A1G and H) . This indicates that the convergence rate has a minor effect on the development of a localized deformation zone along the passive margin.
Next, we examine the sensitivity of intraoceanic model OAO to relevant parameters. We study the effect of age of the overriding oceanic lithosphere and of the width of the mantle STEP fault zone.
Figs A1I and J show the results of a model that is similar to model OAO except that it has older oceanic lithosphere (∼100 Myr) on the right side of the model. Compared to OAO, the localized deformation zone is longer ( Figs A1I and 3e ) and has accumulated more strain after 0.6 Myr. A second deformation zone has developed along the boundary between the TDZ and the overriding plate. Fig. A1J shows that most of the strain here is due to dextral shear. These differences are due to some vertical sinking of overriding lithosphere, which is more negatively buoyant than in model OAO.
In a model with a narrower STEP fault zone the slope of the detachment interface is steeper. A localized deformation zone develops along the detachment interface (Fig. A1K) . A smaller fraction of this strain represents shear ( Figs A1L and and 3f) , which is a consequence of the steeper detachment interface.
The sensitivity of the results to the boundary conditions at the asthenospheric level is tested by imposing different outflow patterns. Figs A1(M) and (N) show the results of a model similar to model CAO, but with the imposed outflow to the right side boundary four times more than that to the left side boundary. Results of this model are the same as those of model CAO (see Figs A1M, N, 3a and b) , indicating that the model results are not sensitive to the boundary conditions.
In model CAO, the mesh spacing in the lithosphere is 500 m. We examine the effect of mesh spacing on the results (convergence test) by decreasing mesh size to 60 per cent. Results of this model are very similar to those of model CAO. Details are however different in the region where strain is localized in the lithosphere; failure of the entire lithosphere occurs after 0.4 kyr of convergence which is nearly 60 per cent lower than that in model CAO (see Figs A2(O) and (P)). The failure zone is narrower in the high-resolution model.
Deformation localization in our experiments depends on the softening parameters a and b (see expression 3 for plastic strain softening in Section 2.1.1). To investigate the effect of these parameters, we perform some experiments with different values of a and b. Figs A2(P) and (Q) show the logarithm of plastic strain rate at t = 0.6 Myr for model CAO (with a = 0.1) and a model with higher a (a = 0.6). The high plastic strain rate zone in Fig. A2(Q) is shorter than that in Fig. A2(P) . The reason is that an increase in a leads to a reduction in plastic strain softening. Increasing of b has the same effect (results are not shown in this paper); with increasing b, plastic strain weakening occurs at higher strains (see expression 3 in Section 2.1.1), indicating that localization requires higher net convergence.
In summary, our sensitivity analysis shows that the ratio between width and height of the initial mantle STEP fault zone (RDZ in model CAO and TDZ in model OAO) controls the fraction of shear strain on the localized deformation zone. The presence of older oceanic lithosphere in the advected/extended plate position aids to localize strain. The time needed to develop a localized deformation zone depends on the mesh spacing and assumed strain weakening parameters.
A P P E N D I X B
In the reference model of Section 3.1, we replaced the localized deformation zone that developed in model CAO (Fig. 3a) by a dipping channel (Fig. 4) and the surrounding RDZ by lithospheric mantle. In this section, we investigate the effect of this step on our results. To this end, we perform an experiment with the geometry, boundary conditions, rheology and material properties similar to the reference model, except that a channel is assumed in the crust only and a RDZ (hatched area in Fig. 4) is retained in the lithospheric mantle. The RDZ is filled by asthenospheric material with a uniform viscosity of 5 × 10 20 Pa s. Figs A3(R)-(U) show that oceanic subduction is also initiated in this case. Effective stress at t = 3, 6 and 9 Myr in the oceanic plate results from plate bending and inplane compression. Similar to the reference model, the highest stresses in the oceanic lithosphere develop at ∼65 km depth. Effective stresses in the mantle of the overriding lithosphere develop differently from those in the reference model. The wide and soft RDZ cushions the convergence while it viscously deforms. As a consequence, the mantle of the overriding lithosphere is hardly shortened so that compressive stresses remain small. Fig. A3(U) shows the temporal evolution of v s and v p . Slab pull exceeds the far field push from about 10.5 Myr onward. More convergence is needed than in the reference model because the imposed convergence rate is partially used to squeeze the soft RDZ.
The response of a model without a lithosphere-scale channel are only somewhat different from the reference model. Our assumption of a deep channel is thus not critical to incipient subduction.
